! Introduction 38 The transition from outcrossing to predominant self-fertilization has occurred repeatedly in flowering 39 plants (Stebbins 1950) . In association with this shift, marked changes in floral and reproductive traits 40 have occurred independently in many different lineages (Barrett 2002) . In general, selfers tend to 41
show reduced allocation of resources to traits involved in pollinator attraction and reward (e.g. smaller 42 petals, less nectar per flower, less scent), exhibit changes in floral morphology that may improve the 43 efficacy of autonomous self-pollination (e.g. reduced separation between stigma and anthers), and 44
show reduced allocation of resources to male function (reduced ratio of pollen to ovules) (reviewed in 45 . Together, this combination of floral and reproductive traits is termed "the 46 selfing syndrome" (Ornduff 1969) . 47 ! 4 offspring from crosses between Capsella species that differ in their mating system (e.g. Slotte et al 75 2012, Rebernig et al 2015) . 76
In C. rubella, the transition to selfing occurred relatively recently (<200 kya), and was 77 associated with speciation from an outcrossing progenitor similar to present-day C. grandiflora ( between C. rubella and C. grandiflora exhibit an excess of fixed differences and reduced 85 polymorphism in C. rubella (Slotte et al. 2012 ). Together, these observations suggest that the rapid 86 evolution of the selfing syndrome in C. rubella was driven by positive selection. 87
While the molecular genetic basis of the selfing syndrome in C. rubella has not been 88 identified, it has been suggested that cis-regulatory changes could be involved, and a previous study 89 found many flower and pollen development genes to be differentially expressed in flower buds of C. 90 grandiflora and C. rubella (Slotte et al. 2013 ). However, these results could be confounded by 91 differences in floral organ sizes and pollen number between C. rubella and C. grandiflora, and Slotte 92 et al. (2013) did not directly assess cis-regulatory changes or investigate possible causes of cis-93 regulatory divergence. There is reason to believe that cis-regulatory changes could be partly caused by 94 differences in TE abundance between selfers and outcrossers, as TE silencing can affect nearby gene 95 expression in plants (Hollister and Gaut 2009; Hollister et al. 2011 ). As C. rubella harbors fewer TEs 96 close to genes than C. grandiflora (Ågren et al. 2014) , this system offers an opportunity to investigate 97 the role of TEs for cis-regulatory evolution and for the evolution of floral and reproductive traits in 98 association with the shift to selfing. 99 ! 5
Many genes exhibit allele-specific expression in interspecific F1 hybrids 112
In order to quantify ASE between C. grandiflora and C. rubella, we generated deep whole 113 transcriptome RNAseq data from flower buds and leaves of three C. grandiflora x C. rubella F1 114 hybrids (total 52.1 vs 41.8 Gbp with Q≥30 for flower buds and leaves, respectively). We included 115 three technical replicates for one F1 in order to examine the reliability of our expression data. For all 116
F1s and their C. rubella parents, we also generated deep (38-68x) whole genome resequencing data in 117 order to reconstruct parental haplotypes and account for read mapping biases. 118 F1 RNAseq reads were mapped with high stringency to reconstructed parental haplotypes 119 specific for each F1, i.e. reconstructed reference genomes containing whole-genome haplotypes for 120 both the C. grandiflora and the C. rubella parent of each F1 (see Material and Methods). We 121 conducted stringent filtering of genomic regions where SNPs were deemed unreliable for ASE 122 analyses due to e.g. high repeat content, copy number variation, or a high proportion of heterozygous 123 genotypes in an inbred C. rubella line (for details, see Material and Methods and S1 text); this mainly 124 resulted in removal of pericentromeric regions (S2 Fig -S5 Fig) . After filtering, we identified ~18,200 125 genes with ~274,000 transcribed heterozygous SNPs that were amenable to ASE analysis in each F1 126 (Table 1) . The mean allelic ratio of genomic read counts at these SNPs was 0.5 (S6 Fig), suggesting 127 that our bioinformatic procedures efficiently minimized read mapping biases. Furthermore, technical 128 reliability of our RNAseq data was high, as indicated by a mean Spearman's ρ between replicates of 129 0.98 (range 0.94-0.99). 130
We assessed ASE using a Bayesian statistical method with a reduced false positive rate 131 compared to the standard binomial test (Skelly et al. 2011 ). The method uses genomic read counts to 132 model technical variation in ASE and estimates the global proportion of genes with ASE, independent 133 of specific significance cutoffs, and also yields gene-specific estimates of the ASE ratio and the 134 posterior probability of ASE. The model also allows for and estimates the degree of variability in ASE 135 along the gene, through the inclusion of a dispersion parameter. 136
Based on this method, we estimate that on average, the proportion of assayed genes with ASE 137 is 44.6% (Table 1; S8 Table) . In general, most allelic expression biases were moderate, and only 5.9% 138 of assayed genes showed ASE ratios greater than 0.8 or less than 0.2 (Figs. 1 and 2). There was little 139 variation in ASE ratios along genes, as indicated by the distribution of the dispersion parameter 140 estimates having a mode close to zero and a narrow range (Figs. 1 and 2). This suggests that unequal 141 expression of differentially spliced transcripts is not a major contributor to regulatory divergence 142 between C. rubella and C. grandiflora (Figs. 1 and 2). 143
For genes with evidence for ASE (hereafter defined as posterior probability of ASE 0.95), 144 there was a moderate shift toward higher expression of the C. rubella allele (mean ratio C. 145 rubella/total=0.56; Figs. 1 and 2). This shift was present for all F1s, for both leaves and flowers (Figs. 146 ! 6 genes with ASE were very close to 0.5 (mean ratio C. rubella/total=0.51; Figs 1 and 2). Furthermore, 148 qPCR with allele-specific probes for five genes validated our ASE results empirically (S9 Table) . 149
Thus, C. rubella alleles appear to be on average expressed at a higher level than C. grandiflora alleles 150 in our F1s. 151
The mean ASE proportion, as well as the absolute number of genes with ASE was greater for 152 leaves (49%; 6010 genes) than for flower buds (40%; 5216 genes), although this difference was 153 largely driven by leaf samples from one of our F1s (Table 1) . Most instances of ASE were specific to 154 either leaves or flower buds, and on average, only 15% of genes expressed in both leaves and flower 155 buds showed consistent ASE in both organs ( Fig. 3 ). Many cases of ASE were also specific to a 156 particular F1, and across all three F1s, there were 1305 genes that showed consistent ASE in flower 157 buds, and 1663 in leaves ( Fig. 3) . 158 ! 159
Enrichment of cis-regulatory changes in genomic regions responsible for phenotypic divergence 160
We used permutation tests to check for an excess of genes showing ASE within five previously- 
List enrichment analyses reveal floral candidate genes with ASE 176
We conducted list enrichment analyses to characterize the functions of genes showing ASE relative to 177 all genes amenable to analysis of ASE (i.e. harboring heterozygous transcribed SNPs and expressed at 178 detectable levels). There was an enrichment of Gene Ontology (GO) terms involved in defense and 179 stress responses for genes with ASE in flower buds and in leaves (S10 Table) . GO terms related to 180 hormonal responses, including brassinosteroid and auxin biosynthetic processes, were specifically 181 enriched among genes with ASE in flower buds (S10 Table) . Genes with nearby heterozygous TE 182 insertions were also enriched for a number of GO terms related to reproduction and defense (S11-S12 183 ! 7 Table) , suggesting that heterozygous TE insertions could be important for patterns of GO term 184 enrichment for genes with ASE 185
We further identified nineteen genes involved in floral and reproductive development in A. 186 thaliana, which are located in QTL regions (see above), and show ASE in flower buds (Table 2) . 187
These genes are of special interest as candidate genes for detailed studies of the genetic basis of the 188 selfing syndrome in C. rubella. sum test, W = 297625040, p-value = 6.16*10 -142 ), S13 Table) , suggesting that polymorphisms in 200 regulatory regions upstream of genes might contribute to cis-regulatory divergence. 201 202
Enrichment of TEs near genes with ASE 203
To test whether differences in TE content might contribute to cis-regulatory divergence between C. 204 rubella and C. grandiflora, we examined whether heterozygous TE insertions near genes were 205 associated with ASE. We identified TE insertions specific to the C. grandiflora or C. rubella parents 206 of our F1s using genomic read data, as in Ågren et al. (2014) (Table 3; 
see Material and Methods). 207
Overall, we found that C. rubella harbored fewer TE insertions close to genes than C. grandiflora (on 208 average, 482 vs 1154 insertions within 1 kb of genes in C. rubella and C. grandiflora, respectively). 209
Among heterozygous TE insertions, Gypsy insertions were the most frequent (Table 3) ; they were also 210 the most frequent genome-wide (Table 3) . There was a significant association between heterozygous 211 TE insertions within 1 kb of genes and ASE, for both leaves and flower buds, and the strength of the 212 association was greater for TE insertions closer to genes (Table 4 ; Fig. 5 ). This was true for individual 213 F1s, as well as for all F1s collectively (Table 4 ; Fig. 5 ; S14 Table) . 214 215 216
TEs targeted by uniquely mapping 24-nt small RNAs are associated with reduced expression of 217 nearby genes 218
To test whether siRNA-based silencing of TEs might be responsible for the association between TE 219 insertions and ASE in Capsella, we analyzed data for flower buds from one of our F1s, for which we 220 ! 8 had matching small RNA data (see Material and Methods). We selected only those 24-nt siRNA reads 221 that mapped uniquely, without mismatch, to one site within each of our F1s, because uniquely 222 mapping siRNAs have been shown to have a more marked association with gene expression in 223
Arabidopsis (Hollister et al. 2009 ). For each gene, we then assessed the ASE ratio of the allele on the 224 same chromosome as a TE insertion (i.e. ASE ratios were polarized such that relative ASE was equal 225 to the ratio of the expression of the allele with a TE insertion on the same chromosome over the total 226 expression of both alleles), and then further examined the influence of nearby siRNAs. 227
Overall, the mean relative ASE was reduced for genes with nearby TE insertions ( 983938, p-value = 3.13*10 -3 ). In contrast, no significant effect on ASE was apparent for genes near TE 235 insertions that were not targeted by uniquely mapping 24-nt siRNAs (Fig. 6 ). Thus, uniquely mapping 236 siRNAs targeting TE insertions appear to be responsible for the association we observe between ASE 237 and TE insertions. Globally, Gypsy and hAT insertions made up a greater proportion of the TE 238 insertions that were targeted by siRNA, compared to those that were not (Chi-squared test, χ=35.9468, 239 P=1.796*10 -5 , Supplementary Figure S7 ). However, for heterozygous TE insertions within 1 kb of 240 genes there were no significant differences in the composition of TEs that were vs. were not targeted 241 by uniquely mapping siRNAs. 242 243
Discussion

244
In this study, we have quantified allele-specific expression in order to understand the role of cis-245 regulatory changes in association with a recent plant mating system shift. Our results indicate that 246 many genes, on average over 40%, harbor cis-regulatory differences between C. rubella and C. 247 grandiflora. The proportion of genes with ASE may seem high given the recent divergence (~100 kya) 248 between C. rubella and C. grandiflora (Brandvain et Two lines of evidence suggest that cis-regulatory changes have contributed to floral and 260 reproductive adaptation to selfing in C. rubella. First, we find an excess of genes with ASE in flower 261 buds within previously identified narrow QTL regions for floral and reproductive traits that harbor a 262 signature of selection (Slotte et al. 2012 ). This suggests either that multiple cis-regulatory changes 263 were involved in the evolution of the selfing syndrome in C. rubella, or that these regions harbor an 264 excess of cis-regulatory changes for other reasons, for instance due to hitchhiking of cis-regulatory 265 variants with causal variants for the selfing syndrome. Distinguishing between these hypotheses will 266 require identification of causal genetic changes for the selfing syndrome in C. rubella. In contrast, no 267 such excess is present for genes with ASE in leaves, suggesting that this observation is not simply a 268 product of higher levels of divergence among C. rubella and C. grandiflora in certain genomic regions 269 facilitating both QTL delimitation and ASE analysis. Second, we find that genes involved in hormonal 270 responses, including brassinosteroid biosynthesis, are overrepresented among genes with ASE in 271 flower buds, but not in leaves. Based on a study of differential expression and functional information 272 from Arabidopsis thaliana, regulatory changes in this pathway were previously suggested to be 273 important for the selfing syndrome in C. rubella (Slotte et al. 2013 ). While we do not identify ASE at Our work also provides general insights into the nature of cis-regulatory divergence. Indeed, 285 many instances of ASE were specific to a particular individual or tissue, an observation also supported 286 by recent studies (e.g. Lemmon et al. 2014 , He et al. 2012a ). This suggests that there is substantial 287 variation in ASE depending on genotype and developmental stage, consistent with the reasoning that 288 cis-regulatory changes can have very specific effects, but expression noise is probably also a 289 contributing factor. It is also difficult to completely rule out the possibility that some cases of subtle 290 ASE may not represent biologically meaningful cis-regulatory variation. However, in our analyses, we 291
took several steps to model and account for technical variation in order to reduce the incidence of false 292 positives. We also cannot fully rule out imprinting effects as potential causes of ASE, because 293 ! 10 generating reciprocal F1 hybrids was not possible due to seed abortion in C. rubella x C. grandiflora 294 crosses. However, we do not expect these effects to make a major contribution to the patterns we 295 observed; in Arabidopsis, imprinting effects are only prevalent in endosperm tissue, and are rare in 296 more advanced stage tissues such as those analyzed here (Scott et al. 1998 , Wolff et al. 2011 , Cubillos 297 et al. 2014 , which suggests that imprinting is not likely to be responsible for the patterns we observe. 298
One somewhat unexpected finding was the global shift in expression levels toward higher 299 relative expression of the C. rubella allele in the F1 hybrids. No marked bias was present for the same 300
SNPs and genes in our genomic data, suggesting that if systematic bioinformatic biases are the cause, 301 the effect is specific to transcriptomic reads. This seems unlikely to completely explain the shift in 302 expression that we observe, as we made considerable effort to avoid reference mapping bias, including 303 high stringency mapping of transcriptomic reads to reconstructed parental haplotypes specific to each 304 To investigate potential mechanisms for cis-regulatory divergence, we first examined 312 heterozygosity in regulatory regions and conserved noncoding regions close to genes. While genes 313 with ASE in general showed slightly elevated levels of heterozygosity upstream of genes, there was no 314 enrichment of conserved noncoding regions with heterozygous SNPs close to genes with ASE. It thus 315 seems likely that divergence in regulatory regions in the proximity of genes, but not specifically in 316 conserved noncoding regions, has contributed to global cis-regulatory divergence between C. rubella 317 and C. grandiflora. 318
To examine biological explanations for the shift toward a higher relative expression of C. 319 rubella alleles, we examined the relationship between TE insertions and ASE. As C. rubella harbors a 320 lower number of TE insertions near genes than C. grandiflora, we reasoned that TE silencing might 321 contribute to the global shift in expression toward higher relative expression of the C. rubella allele, 322 with C. grandiflora alleles being preferentially silenced due to targeted methylation of nearby TEs, 323 through transcriptional gene silencing mediated by 24-nt siRNAs. Our results are consistent with this 324 hypothesis. Not only is there is an association between genes with TEs and heterozygous TE insertions 325 in our F1s, there is also reduced expression of alleles that reside on the same haplotype as a nearby TE 326 insertion, and the reduction is particularly strong for TEs that are targeted by uniquely mapping 327 siRNAs. In contrast, no effect on ASE is apparent for TEs that are not targeted by uniquely mapping 328 siRNAs. Moreover, the relatively limited spatial scale over which siRNA-targeted TE insertions are 329 associated with reduced expression of nearby genes (<1 kb) is consistent with previous results from 330 suggest that silencing of TE insertions close to genes is important for global cis-regulatory divergence 332 between C. rubella and C. grandiflora. 333
Why then do C. rubella and C. grandiflora differ with respect to silenced TEs near genes? In 334
Arabidopsis, methylated TE insertions near genes appear to be predominantly deleterious, and exhibit 335 a signature of purifying selection (Hollister et al. 2009 ). The reduced prevalence of TE insertions near 336 genes in C. rubella could be caused by rapid purging of recessive deleterious alleles due to increased 337 homozygosity as a result of self-fertilization (Arunkumar et al. 2014 ). However, we prefer the 338 alternative interpretation that deleterious alleles that were rare in the outcrossing ancestor were 339 preferentially lost in C. rubella, mainly as a consequence of the reduced effective population size 340 associated with the shift to selfing. This is in line with analyses of polymorphism and divergence at 341 . In contrast, we found no evidence for a difference in silencing efficacy between C. rubella and 352 C. grandiflora, which harbor similar fractions of uniquely mapping siRNAs (12% vs 10% uniquely 353 mapping/total 24-nt RNA reads for C. rubella and C. grandiflora, respectively). Thus, in the absence 354 of strong divergence in silencing efficacy, differences in the spatial distribution of TEs, such as those 355
we observe between C. rubella and C. grandiflora, might be more important for cis-regulatory 356 divergence. More studies of ASE in F1s of selfers of different ages and their outcrossing relatives are 357 needed to assess the general contribution of differences in silencing efficacy versus genomic 358 distribution of TE insertions for cis-regulatory divergence in association with mating system shifts. 359 360
Conclusions 361
We have shown that many genes exhibit cis-regulatory changes between C. rubella and C. grandiflora 362 and that there is an enrichment of genes with floral ASE in genomic regions responsible for 363 phenotypic divergence. In combination with analyses of the function of genes with floral ASE, this 364 suggests that cis-regulatory changes have contributed to the evolution of the selfing syndrome in C. 365 rubella. We further observe a general shift toward higher relative expression of the C. rubella allele, 366 an observation that can in part be explained by elevated TE content close to genes in C. grandiflora 367 and reduced expression of C. grandiflora alleles due to silencing of nearby TEs. These results support 368 the idea that TE dynamics and silencing are of general importance for cis-regulatory divergence in 369 association with plant mating system shifts. 370 371
Material and Methods
373
Plant material 374
We generated three interspecific C. grandiflora x C. rubella F1s by crossing two accessions of the 375 selfer C. rubella as pollen donor with three accessions of the outcrosser C. grandiflora as seed parent 376 (S16 Table) . No viable seeds were obtained from reciprocal crosses. Seeds from F1s and their C. We reconstructed genome-wide parental haplotype sequences for each interspecific F1 and used these 441 as a reference sequence for mapping genomic and transcriptomic reads for ASE analyses. This was 442 done to reduce effects of read mapping biases on our analyses of ASE by increasing the number of 443 mapped reads and reducing mismapping that can result when masking heterozygous SNPs in F1s 444 (Degner et al. 2009 ). 445
To reconstruct parental genomes for each F1, we first conducted genomic read mapping, 446 variant calling and phasing by reference to the inbred C. rubella parent as described in the section 447 "Read Mapping and Variant Calling" above. The resulting phased vcf files were used in conjunction 448 with the C. rubella reference genome sequence to create a new reference for each F1, containing both 449 of its parental genome-wide haplotypes. Read mapping of both genomic and RNA reads from each F1 450 was then redone to its specific parental haplotype reference genome, and read counts at all reliable 451 SNPs (see section "Filtering" below) were obtained using Samtools mpileup and a custom software 452 written in javascript by Johan Reimegård. The resulting files with allele counts for genomic and 453 transcriptomic data were used in all downstream analyses of allelic expression biases (see section 454
"Analysis of Allele-Specific Expression" below). 455
456
Filtering 457
We used two approaches to filter the genome assembly to identify regions where we have high 458 confidence in our SNP calls. Genomic regions with evidence for large-scale copy number variation 459 were identified using Control-FREEC (Boeva et al. 2011), and repeats and selfish genetic elements 460 were identified using RepeatMasker 4.0.1 (http://www.repeatmasker.org). Additionally, we identified 461 genomic regions with unusually high proportions of heterozygous genotype calls in a lab-inbred C. 462 rubella line, which is expected to be highly homozygous. Regions with evidence for high proportions 463 of repeats, copy number variation or high proportion of heterozygous calls in the inbred line mainly 464 corresponded to centromeric and pericentromeric regions, and these were removed from consideration 465 in further analyses of allele-specific expression (S2 Fig. -S5 Fig.) . 466 467
Analysis of allele-specific expression 468
Analyses of allele-specific expression (ASE) were done using a hierarchical Bayesian method 469 developed by Skelly et al. (2011) . The method requires read counts at heterozygous coding SNPs for 470 both genomic and transcriptomic data. Genomic read counts are used to fit the parameters of a beta-471 binomial distribution, in order to obtain an empirical estimate of the distribution of variation in allelic 472 ratios due to technical variation (as there is no true ASE for genomic data on read counts for 473 heterozygous SNPs). This distribution is then used in analyses of RNAseq data where genes are 474 assigned posterior probabilities of exhibiting ASE. 475
We conducted ASE analyses using the method of Skelly et al. (2011) for each of our three F1 476 individuals. Prior to analyses, we filtered the genomic data to only retain read counts for heterozygous 477 ! 16 on scaffolds 1 and 3 for flowering time). As QTL for floral and reproductive traits are generally highly 515 overlapping these genomic regions also encompass part of the confidence intervals for other QTL, 516 including a major QTL for petal length on scaffold 2, and QTL for sepal length, stamen length and 517 ovule number on scaffold 7). Significance was based on a permutation test (1000 permutations) in R 518 3.1.2. 519 520
List enrichment tests of GO terms 521
We tested for enrichment of GO biological process terms using Fisher exact tests in the R package 522
TopGO (Alexa et al. 2006 ). GO terms were downloaded from TAIR (http://www.arabidopsis.org) on 523 September 3rd, 2013, for all A. thaliana genes that have orthologs in the C. rubella v1.0 annotation, 524 and we only considered GO terms with at least two annotated members in the background set. 525
We tested for enrichment of GO biological process terms among genes with ASE in all of our 526 F1s Separate tests were conducted for leaf and flower bud samples, and background sets consisted of 527 all genes where we could assess ASE in either leaves or flower buds. 528
We used the same approach to test for enrichment of GO biological process terms among 529 genes within 1 kb and 2 kb of heterozygous TE insertions in F1 Inter4.1, for which we had matching 530 small RNA data. For this purpose, separate tests were done for all heterozygous TE insertions, 531 heterozygous TE insertions targeted by uniquely mapping siRNAs, and heterozygous TE insertions 532 not targeted by siRNAs. For these tests, the background sets consisted of all annotated C. rubella 533 genes. 534 535
Intergenic heterozygosity in regulatory and conserved noncoding regions 536
We quantified intergenic heterozygosity 1 kb upstream of genes using VCFTools (Danecek et al. 537 2011) , and compared levels of polymorphism among genes with and without ASE using a Wilcoxon 538 rank sum test. We further assessed whether there was an enrichment of conserved noncoding elements 539 (identified in Williamson et al. (2014) ) with heterozygous SNPs within 5 kb of genes with ASE, using 540
Fisher exact tests. Separate tests were conducted for each F1. 541 542
Identification of TE insertions and association with ASE 543
We used PoPoolationTE (Kofler et al. 2012 ) to identify transposable elements in our F1s. While 544 intended for pooled datasets, this method can also be used on genomic reads from single individuals 545 (Ågren et al. 2014) . For this purpose we used a library of TE sequences based on several Brassicaceae 546 species (Slotte et al. 2013 ). We used the default pipeline for PoPoolationTE, modified to require a 547 minimum of 5 reads to call a TE insertion, and the procedure in Ågren et al. (2014) to determine 548 heterozygosity or homozygosity of TE insertions. Parental origins of TE insertions were inferred by 549 combining information from runs on F1s and their C. rubella parents. We used chi-square tests to 550 assess tested whether the composition of heterozygous TE insertions targeted by uniquely mapping 551 siRNAs differed from those not targeted by siRNAs. 552
We tested whether heterozygous TE insertions within a range of different window sizes close 553 to genes (200 bp, 1 kbp, 2 kbp, 5 kbp, and 10 kbp) were associated with ASE by performing Fisher 554 exact tests. We tested whether the expression of the allele on the same chromosome as a nearby 555 
